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Abstract 

Plasmonics is a research area merging the fields of optics and nanoelectronics by 
confining light with relatively large free-space wavelength to the nanometer scale - 
thereby enabling a family of novel devices. Current plasmonic devices at 
telecommunication and optical frequencies face significant challenges due to losses 
encountered in the constituent plasmonic materials. These large losses seriously limit the 
practicality of these metals for many novel applications. This paper provides an overview 
of alternative plasmonic materials along with motivation for each material choice and 
important aspects of fabrication. A comparative study of various materials including 
metals, metal alloys and heavily doped semiconductors is presented. The performance of 
each material is evaluated based on quality factors defined for each class of plasmonic 
devices. Most importantly, this paper outlines an approach for realizing optimal 
plasmonic material properties for specific frequencies and applications, thereby providing 
a reference for those searching for better plasmonic materials. 
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1. Introduction 

The speed of information processing has seen rapid growth in the past few decades from 
the progress in scaling down the sizes of devices in micro- and nanoelectronics. 
However, researchers are experiencing major difficulties in reaching speeds over a few 
tens of GHz using this scaling approach due to fundamental limitations from RC -delays 
and power dissipation in the devices. In contrast, photonics offers bandwidth in the THz 
range [1, 2]. However, conventional photonic elements, such as optical fibers, require 
physical dimensions on the order of the wavelength of light (about a micron) due to 
diffraction limitations. The difference in physical size between nanometer-scale 
electronics and micrometer-scale photonic elements yields an incompatibility between 
the two types of devices. Plasmonics merges the high bandwidth offered by photonics 
and the nano-scale integration offered by nanoelectronics by coupling a photon's energy 
with a free-electron gas, creating a subwavelength, oscillating mode known as a plasmon 
[3-7]. Because plasmonic devices are capable of subwavelength confinement, plasmonics 
forms the basis of the research area of nanophotonics. Plasmonics and the recent birth of 
metamaterials [8, 9] (for recent review on optical metamaterials see [10]) and 
Transformation Optics (TO) [11-14] are currently driving the development of a family of 
novel devices with unprecedented functionalities such as subwavelength waveguides [5, 
15, 16], optical nanoantennas [17-26], superlenses [9, 27-30], optical invisibility cloaks 
[12, 31-34], hyperlenses [35-38], planar magnifying hyperlens and light concentrators 
[13,39, 40]. 

Because the plasmon phenomenon in optical and telecommunication frequencies 
typically originates from the collective oscillations of free charges in a material due to an 
applied electromagnetic field, plasmonic devices generally require metallic components, 
which have an abundance of free electrons. These free electrons provide the negative real 
permittivity that is an essential property of any plasmonic material. However, metals are 
plagued by large losses, especially in the visible and ultra-violet (UV) spectral ranges, 
arising in part from interband electronic transitions. Even the metals with the highest 
conductivities suffer from large losses at optical frequencies [41, 42]. These losses are 
detrimental to the performance of plasmonic devices, seriously limiting the feasibility of 
many plasmonic applications. In an attempt to mitigate material losses, optical gain 
materials can be combined with metallic structures [43-57]. However, even the best gain 
materials available are barely enough to compensate the losses in the metal. Because 
these losses are inherent to the constituent materials, alternative plasmonic materials with 
lower losses are required to develop robust plasmonic devices. Lower losses in such 
improved plasmonic components can be readily compensated with existing gain 
materials. 
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Plasmonics could have a large impact on applications at telecommunication and optical 
frequencies, and hence we begin this review with a survey of several potential plasmonic 
materials. We compare the relative merits of these potential materials within the context 
of novel plasmonic devices to gain insight into the suitability of each material in 
particular applications. In Section 2, we provide a brief background on the various 
electromagnetic losses associated with solids at frequencies in and near the visible range. 
In Section 3, we review the optical properties of various plasmonic materials and also 
discuss the methodologies adopted in choosing potential low-loss materials for 
plasmonics. Specifically, sections 3.1-3.4 review metals, metal-alloys, heavily doped 
wide-band semiconductors, and graphene respectively. We formulate the figures-of-merit 
(or quality factors) for various classes of plasmonic devices to effectively compare the 
performances of plasmonic materials in Section 4. Finally, in Section 5, we present a 
comparative study of the performance of the various potential materials based on figures- 
of-merit and other practical criteria. We conclude the paper with a discussion that 
quantitatively identifies the best of the reviewed material choices for each class of 
devices for various regions of the visible and near-infrared (NIR) ranges. 

2. Background 

Polarization describes a material's interaction with electromagnetic waves. While 
polarization can be electrical and/or magnetic in nature, the magnetic polarization of 
naturally occurring materials is negligible for frequencies higher than several hundred 
THz. The electrical polarization can be described by the material's complex electrical 
permittivity or dielectric function, denoted by s(co). While the real part of the dielectric 
function (denoted by £ l or £•') describes the strength of the polarization induced by an 
external electric field, the imaginary part (denoted by s 2 or s") describes the losses 
encountered in polarizing the material. Thus, a low loss material is associated with small 
values of s". 

Primary loss mechanisms in the NIR, visible, and soft-UV frequencies may be broadly 

classified as arising from phenomena related to conduction electrons and bound electrons 

(interband effects) [58]. Losses for conduction electrons arise from electron-electron and 

electron-phonon interactions, and from scattering due to lattice defects or grain 

boundaries. Because the conduction electrons have a nearly continuum of available 

states, their interaction with an electromagnetic field is well approximated by classical 

theory. The Drude theory [59] describes this phenomenon by treating conduction 

electrons as a three-dimensional free-electron gas. According to the generalized Drude 

theory, the permittivity of a material can be written as follows: 
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In Eq. (la), Y = \l r where x is the mean relaxation time of conduction electrons, and 
s im is a contribution due to interband transitions; it is unity for the case of a perfectly 
free-electron-gas. The plasma frequency (co p ) is given by Eq. (lb), where n is the 
conduction electron density, and the effective optical mass of conduction electrons is m*. 
In general, £- mt depends on wavelength (which is typically accounted by including the 
Lorentz oscillators terms [58]), but for some spectral ranges it can be roughly 
approximated as constant (see Table 1). Also, T can depend on the size of the plasmonic 
particle. According to the classical theory, the total damping rate, T, is the sum of 
damping rates due to electron-electron scattering, electron-phonon scattering and lattice 
defects or grain-boundary scattering. The boundary scattering rate depends on the size of 
the plasmonic particle, so that the relaxation rate for a spherical particle of size R can be 
approximated as: 

r = r + a^- , (2) 

R 

where is the relaxation constant of the bulk material, op is the Fermi velocity; A 

depends on details of the scattering process, and is typically on the order of unity [58, 60, 
61]. For simplicity, below we assume that F = F x . 



Table 1 Drude model parameters for metals. CQmt is the frequency of onset for interband 
transitions. Drude parameters tabulated are not valid beyond this frequency. 





£int 


co p (eV) 


T (eV) 


coim (eV) 


Silver [41,62, 63] 


3.7 


9.2 


0.02 


3.9 


Gold [41,63] 


6.9 


8.9 


0.07 


2.3 


Copper [41,62, 63] 


6.7 


8.7 


0.07 


2.1 


Aluminum [64, 65] 


0.7 


12.7 


0.13 


1.41 



Because plasmonic applications require materials with negative e' , Eq. (la) clearly 
indicates that this requirement is satisfied for materials with a plasma frequency higher 
than the desired frequency of application. Because metals tend to have large plasma 
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frequencies and high electrical conductivity, they have traditionally been the materials of 
choice for plasmonics. In Table 1, we summarize the material parameters for high- 
conductivity metals as reported in the literature. Among the metallic elements, silver has 
the smallest T and is the best-performing choice at optical frequencies. Gold, which has 
a larger T than silver, is often the metal of choice at lower NIR frequencies, having the 
advantage of being chemically stable in many environments. However, gold has high 
interband losses in the visible spectrum for wavelengths below or about 500 nm. 
Similarly, copper is plagued by large interband losses over most of the visible spectrum. 
Thus, silver and gold have predominately been the materials of choice for plasmonic 
applications around the optical frequencies. However, future plasmonic applications 
demand even lower losses to fully exploit their potential. 

Interband transitions, which form a significant loss mechanism in materials at optical 
frequencies, occur when electrons jump to higher, empty energy levels caused by 
absorption of incident photons. In metals, when a bound electron absorbs an incident 
photon, the electron can shift from a lower energy level to the Fermi surface or from near 
the Fermi surface to the next higher empty energy level. Both of these processes result in 
high loss at optical frequencies. 

In semiconductors and insulators, valence electrons absorbing the energy from a photon 
shift into the conduction band, resulting in loss. This loss manifests as an increase in s ", 
and can be treated using the formalism of the Lorentz oscillator model. The two-level 
description of the absorption process results in a simple Lorentz model given by Eq. (3) 
[66]: 



q»= 2 V r • ( 3 ) 

co,-a> - icoT., 

Ik lk 

Here, corresponds to the strength of the oscillator at energy levels / and k, co^ is the 
resonant frequency corresponding to the difference between the energies of levels / and k, 
T R is the damping in the oscillator accounting for non-zero line-width of the peak, and 
ft» P; ik is similar to the plasma frequency given by Eq. (lb) with the difference that n here 
refers to the concentration of electrons in the lower occupied state. When there are many 
of such interacting energy levels, the effective permittivity can be expressed as a 
summation over all allowed Lorentzian terms. This is a popular approach utilized in the 
Drude-Lorentz model to reasonably approximate the dielectric function of metals [67]. In 
general, solids with a periodic lattice have electronic energy levels which exist as bands 
instead of discrete levels, requiring a Joint-Dens ity-of-States description and integration 
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over all the allowed transitions at any given photon energy (a more detailed discussion of 
this formulation is found in reference [66]). 

To illustrate the impact of interband transitions on losses in a material, Fig. 1 shows the 
imaginary part of permittivity for copper. The free-electron and interband transition 
contributions to loss are shown along with the values extracted from experimental results 
[41]. The peak in the experimental s" curve at 2.1 eV clearly corresponds to interband 
transitions; this peak is the result of electronic transitions from the filled L3 band to the 
Fermi surface [62]. Similarly, the peak at 5.2 eV is due to X 5 — > X 4 , transitions and 
L 2 — » L x transitions [62]. Table 1 shows the frequency (eoint) that marks the onset of 
significant loss due to interband transitions in several selected metals. 




CO(eV) 

Figure 1 The losses in Cu shown as the sum of interband losses and free electron 
losses [41,62]. Annotations identify the interband transitions responsible for peaks 
in 

The direct transitions discussed above form an important loss mechanism in both 
semiconductors and insulators. In direct bandgap semiconductors, the bandgap 
corresponds to the onset of interband transitions. In indirect bandgap semiconductors, 
indirect transitions contribute to loss for photon energies exceeding the bandgap before 
the direct transitions set in. For photon energies below the bandgap, there can be 
appreciable losses due to various mechanisms such as trap-assisted transitions (e.g. 
nitrogen levels in GaP:N [68]), generation of excitons (especially for wide bandgap 
semiconductors and insulators [69-71]) and transitions between impurity levels [72]. 

3. Survey of alternative plasmonic materials 
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This section focuses on potential candidates for low-loss plasmonic materials in the NIR, 
visible, and near-UV spectral ranges. Various metals, metal-alloys, metallic compounds 
and semiconductors that can offer advantages as plasmonic materials are identified and 
discussed in terms of their relevant properties. Discussion is categorized into subsections 
based on the class or type of material reviewed. Metals are considered first, followed by 
metal-alloys in the second subsection. The third sub-section focuses on doped 
semiconductors, while the last discusses graphene. 

3.1. Metals as candidates for plasmonics 

As discussed in Section 2, metals are candidates for plasmonic applications because of 
their high conductivity. Among metals, silver and gold are the two most often used for 
plasmonic applications due to their relatively low loss in the visible and NIR ranges. In 
fact, almost all of the significant experimental work on plasmonics has used either silver 
or gold as the plasmonic material. Silver has been used for the demonstration of a 
superlens [28, 29], a hyperlens [37], a negative-refractive-index material in the visible 
range [73], and extraordinary optical transmission [74]. Gold was used for the first 
demonstration of a negative-refractive-index material in the NIR [75], many studies on 
Surface-Enhanced Raman Scattering (SERS), the fabrication of plasmon waveguides, and 
numerous Localized Surface Plasmon Resonance (LSPR) sensors (see for instance, [6]). 
While metals other than silver and gold have been used in plasmonics, their use is quite 
limited, as their losses are higher than those of silver and gold. For instance, platinum and 
palladium have been used as plasmonic materials in systems where the catalytic activity 
of the plasmonic material is important to the overall device functionality [76, 77]. In 
addition, nickel films have been reported to have surface plasmon-coupled 
chemiluminescence, which may merit the use of nickel in particular plasmonic 
applications. 

Among the alkali metals, sodium and potassium have the lowest losses [78]. In fact, these 

losses are comparable or even better than that of silver. Although there have been several 

theoretical studies on alkali metals [79], they will not be discussed in this section, as their 

potential has not been experimentally verified to our knowledge. In pure elemental form, 

these alkali metals are very reactive to air and water, and therefore they must be stored in 

mineral oil or Ultra High Vacuum (UHV) environments to avoid highly energetic and 

dangerous reactions. Such extreme restrictions have made fabrication with alkali metals 

prohibitive. While depositing alkali metals can be a straightforward process, 

accomplished with an alkali metal dispenser, other fabrication and characterization 

obstacles must be overcome before alkali metals find use in plasmonics. In the following 

section, we will discuss low-loss noble metals (silver, gold and copper) and aluminum. 
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The plots of <?'and s" of these four metals along with potassium and sodium are shown 
in Fig. 2. 
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Figure 2 (color online) Real (a) and imaginary (b) parts of the permittivities of Ag, Au, 
Na, K, and Al. The data for Ag, and Au are taken from [41], and those of Al, Na, and K 
are from [78]. 

As previously mentioned, silver has the lowest loss in the visible and NIR ranges. 
However, in terms of fabrication, silver degrades relatively quickly and the thickness 
threshold for uniform continuous films is around 12-23 nm [80-82], making silver less 
suitable for TO devices (discussed in Section 5). Additionally, silver losses are strongly 
dependent on the surface roughness [58]. Gold is the next-best material in terms of loss in 
the visible and NIR ranges. Compared with silver, gold is chemically stable and can form 
a continuous film even at thicknesses around 1.5-7 nm [83-85]. It is very important to 
note that films deposited with thicknesses below the percolation threshold are 
semi/discontinuous with drastically different optical properties compared to uniform 
films [86, 87]. These fabrication complications make these materials undesirable at 
thicknesses below the percolation threshold when continuous films are needed. Silver and 
gold films can be fabricated by various physical vapor deposition (PVD) techniques and 
nanoparticles and metal-coated nanoparticles can be synthesized by liquid chemical 
methods. Typical PVD methods include electron-beam/thermal evaporation and 
sputtering. In liquid chemical methods, chloroauric acid (HfAuCU]) and silver oxide 
(Ag 2 0)/silver nitrite (AgNO/O are commonly used for gold and silver, respectively. 

Because copper has the second-best conductivity among metals (next to silver), it is 

expected to exhibit promising plasmonic properties. Indeed, e" of Cu is comparable to 

that of Au from 600-750 nm. Considering the cost of silver and gold, copper would be a 

good candidate to replace silver and gold as a plasmonic material if the performance of 
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copper were tolerable. Unfortunately, fabricating devices with copper is challenging, as it 
easily oxidizes and forms C112O and CuO. A systematic study of the oxidation effects on 
copper for LSPR modes is found in [88]. In their results, Chan et al. have demonstrated 
that oxide-free nanospheres exhibit a sharp and narrow LSPR peak comparable to that of 
silver and gold. 

Aluminum has not been an attractive plasmonic material due to the existence of an 
interband transition around 800 nm (1.5 eV), resulting in large s" values in the visible 
wavelength range (see Fig. 2). However, in the UV range, s' is negative even at 
wavelengths smaller than 200 nm where s " is still relatively low. Thus aluminum is a 
better plasmonic material than either gold or silver in the blue and UV range. It is 
important to note that the s' values of silver and gold do not become positive until 
wavelengths greater than 326 nm and 207 nm, respectively. Aluminum is easily oxidized 
and very rapidly forms an aluminum oxide (AI2O3) layer under atmospheric conditions, 
making device fabrication with aluminum challenging. The thickness of this AI2O3 layer 
is typically 2.5-3 nm [89], and the presence of this oxide layer results in a red shift in 
LSPR peak position [90]. Despite these challenges, aluminum has been used in plasmonic 
systems in the UV-blue spectral region such as to study LSPR [89, 90], surface plasmon 
polariton (SPP) propagation [91], surface-enhanced fluorescence [92, 93], and Raman 
spectroscopy [94, 95]. 

3.2. Metallic Alloys 

Metallic alloys, intermetallics and metallic compounds are potential candidates for 
alternative plasmonic materials owing to their large free electron densities. This section 
primarily discusses the various techniques employed to tune the optical characteristics of 
metals by making alloys. Metallic compounds such as magnesium diboride (MgB2) are 
not discussed here due to their poor performance as plasmonic materials around optical 
frequencies [96-100]. Similarly, intermetallics such as silicides, which are reported to be 
plasmonic materials, will not be discussed owing to their large losses in the NIR and 
visible spectrum [101-107]. 

3.2. 1 . Noble-Transition Alloys 

Because of the strong plasmonic performance of noble metals, one approach to improve 
these materials is by shifting their interband transitions to another (unimportant) part of 
the spectrum. This can be achieved by alloying two or more elements to create unique 
band structures that can be fine-tuned by adjusting the proportion of each alloyed 
material. 
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Noble-transition metal alloys are one interesting set of potential alternative plasmonic 
candidates. Bivalent transition metals, such as Cadmium and Zinc, when doped into 
monovalent noble metals contribute one extra electron to the free-electron plasma [108]. 
This results in n-type doping of noble metals, which raises the Fermi level, increases co p , 
and shift the threshold for interband transitions, thereby modifying the optical spectra of 
the alloy. By changing the Fermi level of a metallic layer, one can, in principle, reduce 
the absorption at a specific wavelength. This could be accomplished, for example, by 
shifting the Lorentzian peak to some other wavelength that is unimportant for a particular 
application. This process of manipulating and fine-tuning a material's electronic band 
structure to achieve desirable electronic properties is referred to as "band engineering." 

The particular experiment detailed in [108] involved n-doping gold with cadmium and 
employed samples with pre-determined stoichiometries that were purchased from 
commercial vendors. Alloying gold and cadmium creates a unique band structure, 
shifting the peak losses to new frequencies and resulting in higher losses in one frequency 
range, with simultaneously lower losses in another range. To illustrate this point, Fig. 3 
shows a simulation demonstrating how doping gold with cadmium shifts the interband 
transition peaks, confining high losses to one region while lowering losses almost 
everywhere else in the spectrum. This method of raising the Fermi level by small 
amounts can continue for low doping levels (<10% volume), but the technique will break 
down as the doping levels become high enough to significantly modify the material's 
band structure. This technique may be extended to different material combinations, 
creating unique band structures optimized for specific frequencies and applications. 



15 



10 

"to 

5 


300 400 500 600 700 800 

Wavelength (nm) 

Figure 3 (By courtesy of Dr. M. Noginov and Dr. V. Gavrilenko, Norfolk University 
[108]) Numerical simulation detailing the shift in interband transition peak and modified 
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band structure when Au [41] is doped with 3.3 at.% Cd. The dashed curve shows the 
imaginary permittivity for the undoped gold, while the solid curve is the result for the 
doped alloy. The doping process combines the losses from peaks I&II into a single, 
confined high-loss region, while leaving lower losses elsewhere. 

3.2.2. Alkali -Noble Inter-Metallic Compounds 

Alkali-noble metal inter-metallic compounds are another group of candidates for low-loss 
metals because the Group I alkali metals exhibit the strongest free-electron-like behavior 
[109]. As far back as 1978 [110], the permittivity of LiaAgln was experimentally 
measured, exhibiting zero-loss permittivity values at 2 eV without mention of the 
implication of this result for plasmonic devices. Note that this paper presents data 
showing negative losses, which raises some doubts about the accuracy of measurements 
or parameter extraction. While many alkali-noble metal binary compounds have been 
presented as alternative plasmonic materials [109], the compound predicted to show the 
most promise is potassium gold (KAu), which has been calculated to have zero interband 
losses below its unscreened plasma frequency at 1 .54 eV. However, because of Drude 
losses, the crossover point is 0.5 eV. Because KAu does not have negative values in 
the telecommunication and visible frequency ranges, it cannot be considered a plasmonic 
candidate for applications in these spectral ranges. 

Fabrication of alkali-noble compounds can be challenging. Just bringing two metals of 
significantly different properties together to form an alloy can be a non-trivial task. The 
vapor pressures of potassium and gold differ by 10 orders of magnitude and their surface 
energies differ by an order of magnitude, making the alloying process difficult. Assuming 
these compounds behave similarly to pure alkali metals, these highly reactive alloys must 
either be characterized in-situ or be passivated prior to removing them from the 
fabrication chamber in order to prevent rapid oxidation. Passivation would allow for 
further optical characterization of the fabricated sample using ellipsometry, prism 
coupling, SPP propagation, and other techniques, but the passivation itself may alter the 
surface properties of the sample as well as limit applicability of such films for real device 
fabrication. Because such compounds have not been extensively studied in the past, the 
phase, stoichiometry and growth kinetics of these alloy systems are not well understood. 

3.3. Semiconductors 

Semiconductors are conventionally regarded as dielectric materials for frequencies above 

several hundred THz. However, semiconductors can actually exhibit a negative real 

permittivity in this spectral region under certain circumstances [111-114]. Due to the ease 

of fabrication and flexibility in tuning their properties such as carrier concentration, 
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semiconductors are also potential materials for plasmonics. In order to qualify as a low- 
loss plasmonic material, the bandgap and plasma frequency of the semiconductor both 
must be larger than the frequency range of interest. While a large plasma frequency 
ensures a negative real permittivity, a large bandgap ensures almost no interband 
transition losses. Semiconductors can exhibit negative s'in IR frequencies when heavily 
doped [111-113] or in resonance (e.g. phonon resonance in silicon carbide [78, 114, 
115]). Because resonance is a narrow-band phenomenon and phonon resonance occurs at 
low frequencies, here we consider only heavily doped semiconductors as possible low- 
loss plasmonic materials. Thus, a wide bandgap, heavily doped semiconductor with high 
carrier mobility can qualify as a low loss plasmonic material around the optical 
frequencies. 

Despite the abundance of semiconductors with large bandgap values (> 1.5 eV) and high 
carrier mobilities, very high doping levels are necessary to bring the crossover frequency 
of semiconductors into the optical range, and achieving these doping levels is 
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challenging. Hoffman et al. [113] reported that doping gallium arsenide to 7x10 cm" 
can raise the crossover frequency (where s' changes from negative to positive) to about 
9 jam. However, to bring the crossover frequency near the optical range, a doping level of 

20 3 

at least 3x10 cm" is required. The necessity of doping semiconductors so heavily raises 
concerns about the solid solubility limit, the fraction of dopants that would be active, and 
doping compensation effects [116, 117]. Another major concern at such high doping 
levels is retaining the high carrier mobility that is essential for low losses. Due to these 
issues, plasmonics in the optical spectrum has remained mostly out-of-reach for 
semiconductor materials. 

However, indium-tin-oxide (ITO) has been shown to be a potential plasmonic material in 
the NIR region [118-123]. ITO is a transparent, conducting oxide typically consisting of 
90%wt indium oxide (In 2 C>3) and 10%wt tin oxide (SnC>2). ITO has been widely studied 
in the field of optoelectronics. Because ITO is non-stoichiometric, predictions show its 
plasma frequency can be engineered between 0.44 eV and 6.99 eV by varying the tin (Sn) 
doping level in 1^03 up to 45%wt [124]. Experimentally, the plasma frequency has been 
measured between 0.78 and 2.13 eV [112, 125, 126]. Robusto et al. have demonstrated 
SPPs in ITO between 1.8 jam and 1.9 jam [118], which was followed by many other 
groups [119-123] reporting SPPs in the NIR region. Therefore, ITO appears to be an 
appealing plasmonic material in the NIR and optical frequency ranges. 

Because ITO is a non-stoichiometric compound, its optical properties largely depend on 

the growth/deposition processes and annealing conditions, including the temperature and 
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ambient gasses [112]. Sputtering and laser ablation techniques have reliably produced 
quality films of ITO [127]. Post-deposition annealing in nitrogen has been shown to 
produce more conductive and less transparent films due to increased oxygen vacancy 
(V ) defects [128]. On the other hand, less conductive and more transparent films are 
produced by annealing ITO in an oxygen ambient [128]. In our own experiments, we 
have observed significant changes in the dielectric function of e-beam evaporated ITO 
films annealed in different ambient environments, as shown in Fig. 4. While ITO films 
annealed in oxygen do not show negative s' in the spectrum of interest, the films 
annealed in nitrogen ambient do show negative real permittivity. Figure 4 also shows that 
ITO's properties depend on the annealing temperature. A higher annealing temperature 
increases the conductivity of the ITO film and reduces the loss within the wavelength 
range of interest. It is important to note that the loss in ITO films is comparable to that of 
silver in the NIR range but is significantly lower than the losses in silver at longer 
wavelengths. 




Figure 4 Real (a) and imaginary (b) parts of permittivity of ITO annealed at various 
conditions (N2, 450 °C; N2, 650 °C; 02, 450 °C; 02, 650 °C). 

Other than ITO, high performance conductive zinc oxides such as aluminum-zinc-oxide 
(AZO) and gallium-zinc-oxide (GZO) can be promising low-loss alternatives in NIR. 
These conductive zinc oxides are widely studied for applications in transparent 
electronics. Based on the optical characteristics of these films reported in literature, we 
have found that AZO and GZO can have significantly lower loss than silver at 
telecommunication wavelengths which are of particular importance for photonics and 
nanophotonics applications (see Fig. 5) [129-131]. While AZO can exhibit losses more 
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than three times lower than that of silver at the wavelength of 1 .5 pm, GZO being only 
slightly inferior to AZO, can exhibit lower losses too. 
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Figure 5 Real (a) and imaginary (b) parts of permittivity of AZO and GZO obtained from 
parameters reported in reference [129]. The losses in AZO and GZO are much smaller 
than that of silver [41] at the telecommunication wavelength. 

Similar to other conductive oxides, AZO and GZO are non-stoichiometric, and deposition 
conditions play a crucial role in achieving the desired properties. High quality thin films 
of AZO and GZO may be produced by sputtering or laser ablation. Deposition 
temperature, oxygen partial pressure during deposition and dopant concentration must be 
optimized in order to achieve low loss as well as negative real permittivity [111, 129- 
133]. For example, M. H. Yoon et al. report that large doping of zinc oxide does not 
necessarily increase the carrier concentration [134]. In AZO, a large doping level results 
in the formation of Z11AI2O4, which does not increase carrier concentration, but adversely 
affects the carrier mobility through increased scattering. This causes the zero-cross-over 
of real permittivity to shift towards longer wavelengths. We observe this happening in 
Pulsed Laser Deposited (PLD) AZO films with 2%wt A1 2 3 . Evidently, lower A1 2 3 
concentration of about 0.8%wt produces AZO films with -cross-over at wavelength 
smaller than 1.5 jam [129]. With losses being much smaller than in silver at this 
wavelength, AZO is a promising low-loss alternative material for plasmonics in NIR. 

Aside from oxide semiconductors, III-V semiconductors (e.g. GaAs, GaN, GaP) and SiC 
are potential candidates for plasmonics in the NIR and optical spectral ranges. However, 
heavy doping could again be a problem that must be addressed when considering these 
materials as options for alternative plasmonic materials. 
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3.4 Graphene 

Graphene is another material that has generated excitement in the research community 
due to its unique band structure and high carrier mobility [135-138]. Graphene is a two- 
dimensional system - enabling excitation of surface plasmons (SP) similar to the surface 
plasmons on metal/dielectric interfaces. However, these two-dimensional plasmons in 
graphene exhibit a dispersion relation different compared to plasmons in three 
dimensions [139-141]. Some schemes for plasmon based THz oscillators in graphene 
have already been proposed in literature [142-144]. These plasmon modes can possibly 
exist up to near-IR frequencies. However, in order to evaluate the potential of graphene 
as an alternative low loss plasmonic material, the losses in the plasmon modes must be 
evaluated [145]. 

It can be expected that interband transitions contribute significantly to losses because of 
the zero band-gap in graphene. These interband transitions occur above a threshold 
determined by Fermi energy and plasmon wavevector [140]. However, this threshold can 
be shifted to frequencies beyond the region of interest by larger doping, which increases 
the Fermi energy. It has already been experimentally demonstrated that the interband 
threshold can be tuned by varying electrical doping [146]. Below the interband threshold, 
the losses are primarily due to impurity scattering and excitation of optical phonons 
together with electron-hole pairs. Jablan et al. have analyzed the electron relaxation times 
due to different loss mechanisms in graphene, and demonstrate that graphene may 
inherently contain lower losses relative to conventional metal/dielectric interfaces up to 
frequencies corresponding to 0.2 eV [145]. Initial theoretical estimates indicate that 
graphene is a good plasmonic material for THz applications. However, at NIR 
frequencies, losses in graphene may still be comparable to noble metals. This makes 
graphene less attractive as an alternative plasmonic material at the telecommunications 
and visible wavelengths. 

4. Quality Factors 

Quality factors, or figures-of-merit, form a common platform to compare the 

performances of various materials used in different applications over a wide frequency 

band. Although the loss in a material characterized by s" is a necessary indicator of 

performance, the real part of permittivity s' is also important in quantifying the overall 

material quality in many devices. Because the field distribution in a material depends on 

s' and the loss depends on s" , performance metrics or quality factors for a plasmonic 

material are generally a function of both s' and s " . Considering that different 

applications can have different definitions for the quality factors [147-151], our 

discussion is focused on four major classes of plasmonic devices: LSPR based devices, 
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SPP waveguides, TO devices and superlens. It is important to note that the following 
discussions are valid only in the range of frequencies for which s' is negative. For metals 
and metal-like materials such as heavily doped semiconductors, this translates to 
frequencies below the crossover frequency. It should also be noted that in the following 
discussion, the term "metal" is used for both metals and metal-like materials for brevity. 
In the first part of this section, the quality factors of LSPR and SPP systems are 
considered and are denoted as £>lspr and Qspp, respectively. LSPR and SPR systems 
produce local-field enhancement at the surface of metallic components [148]. Hence their 
quality factors can be defined as follows: 

q _ (Enhanced local-field) 
(Incident field) 

Quality factor for LSPR depends significantly on the shape of the metal nanoparticles. 
For a sphere, £>lspr is given by Eq. (5): 



s\co) 



eu(*>)=-^T- ( 5 ) 



G' LS P R («) = ^7 • (6) 



For a cigar-shaped spheroid, Eq. (5) becomes the formula below [148]: 

s\cof 
s"{co) 

For SPR, quality factor Q S pr assumes the same form as Eq. (5). gspp can be defined as 
the ratio of the real part of the propagation wavevector ( k ' x ) to the imaginary part (k" x ) 
[152]: 

k' (co) e' {co) + sAo))e y (cof 

^ &PA } ~k"(c0)~ £' (C0)SAC0) £" («)' ^ ' 

where s m is the permittivity of the metal, and £ d is the permittivity of the surrounding 
dielectric material. If \e m '| » £ d , Eq. (7) can be simplified as follows: 

£' ((Of 

It may be noted that gspp has the same form as Q 'lspr defined for spheroid nanoparticles. 

The quality factors for LSPR and SPP are shown in Fig. 6. This figure does not include 

semiconductors and alloys, as their quality factors are much lower than the rest. 

Equations (5) and (8) explain how £>lspr and (?spp become large when a material has a 

large, negative £' and a small s" . These equations clearly convey why conventional 

plasmonic materials such as silver and gold, which have a large, negative £' and a low 

e" , have been the plasmonic materials of choice for most applications. 
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Figure 6 (color online) Quality factors for localized surface plasmon resonances 
(QLSPR) is shown in panel (a), and surface plasmon polaritons quality factor (QSPP) is 
shown in panel (b). The permittivity values used to calculate the presented quality factors 
are the same as those shown in Fig. 2. 

Transformation optics (TO) devices, however, require a different figure of merit due to 
the nature of TO devices. These devices typically need materials with a real part of 
effective permittivity close to zero at the operating frequency [14]. Thus, TO devices 
require the response of metallic components to be nearly balanced by that of dielectric 
components (which typically have s A ~ 1). Hence, for practical values of metal filling 
factors, the magnitude of e ' of metal must be comparable in magnitude (and opposite in 
sign) to that of the dielectric component. Thus, plasmonic components of TO devices 
operate near their crossover frequency where s' m is negative and small in magnitude. 
Thus, in this case, only the losses ( s") are relevant in defining the quality factor: 

0x0=4" (-s'm-^-l) • (9) 

e m 

We now turn our attention to the superlens and its resolution limits. The resolution limit 
of superlens can be defined through 

A -In 



d ( _£\ 
I 2e[ 



(10) 



where A is the minimum resolvable feature size and d is the thickness of the superlens 

[153]. The value Aid can be considered as the normalized resolution of the superlens. For 

the purpose of comparative studies using quality factors, we define the inverse of Aid as 

the superlens quality factor Q$. For the sake of comparison, the host material is assumed 

17 



to be air, hence e' of the superlens is set to -1 for the following discussion. Therefore, Q% 
can be expressed as 



Quality factors, give a quantitative assessment of the performance of plasmonic materials 
in their respective categories. However, practical considerations arising from fabrication 
and integration issues must be considered before choosing the best material. 

5. Comparative studies 

A summary of the figures-of-merit for various materials discussed in the previous 
sections is provided in Table 2. While quality factors describe how well a material will 
perform for various applications, there are limiting issues in terms of processing and 
fabrication. For example, alkali metals are difficult to work with because they are 
extremely reactive in air ambient environments. Thus, alkali metals have not been used in 
plasmonic applications regardless of their high quality factors. In addition, silver and 
aluminum are not ideal materials for the fabrication of plasmonic devices because these 
materials easily oxidize when exposed to air, which can significantly alter their 
plasmonic properties. Other fabrication issues can arise in particular designs, such as the 
formation of extremely thin metallic films and the controlled synthesis of metallic 
nanoparticles. 




-s 



A 



2n 



(11) 
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Table 2 Summary of the quality factors of a number of possible low-loss plasmonic 
candidate materials. The maximum value of the quality factor (up to 2.5 um) and the 
wavelength at which the maximum occurs are tabulated for each material and each of the 
four applications. The quality factors at 1.5 um (for nanophotonic applications) are also 
presented. Quality factors for TO devices were calculated at the crossover frequency 
where s' = 0. 





LSPR & SPR 


SPP 


TO Devices 


Superlens 


Comments 


Material 


Maximum 
Ulspr (N 


Qlspr 
(1.5um) 


Maximum 
Uspp (A) 


Qspp 
(1.5um) 


Qto 

(A) 


n. 
w s 

(A) 


Ag* 


392 

I A A O ■ .«-> \ 

(1 .08 |jm) 


39.3 


23413 

I A AO ■ .«-> \ 

(1 .08 |jm) 


4530 


1.82 
(326 nm) 


u.o 
(339 nm) 


OUUU IUI 

LSPR & SPP 


Au* 


16.66 
(0.89 pirn) 


10.63 


1410 
(1.94 |jm) 


1140 


0.29 
(207 nm) 


-0.13 
(252 nm) 


Good for 
LSPR 


Al 


13.56 
(0.113 |jm) 


5.55 


2677 
(2.5 um) 


1315 


26.32 
(82 nm) 


0.52 
(1 14 nm) 


Good for 
LSPR in UV 


Na* 


37.8 
(1.00 |jm) 


27.3 


1889 
(2.25 |jm) 


1179 


NA*** 


0.48 
(312 nm) 


Difficult to 
process 


K* 


40.6 
(1.17 |jm) 


19.2 


1287 
(2.25 um) 


419 


22.22 
(326 nm) 


0.5 
(438 nm) 


Difficult to 
Process 


KAu 


1.3 
(2.5 |jm) 


NA** 


1.1 
(2.5 |jm) 


NA** 


1.72 
(2.38 |jm) 


0.18 
(2.52 |jm) 


Difficult to 
process 


ITO* 


2.72 
(2.3 |jm) 


NA** 


16 
(2.3 |jm) 


NA** 


1.54 
(1.69 |jm) 


0.13 
(1.88 |jm) 


Good for TO 
in NIR 


AZO 


3.28 
(2.26 |jm) 


1.46 


33.1 
(2.5 um) 


2.33 


2.16 
(1.3 |jm) 


0.179 
(1.46 |jm) 


Good for TO 
in NIR 


GZO 


1.8 
(2.3 um) 


0.923 


15.96 
(2.5 um) 


1.01 


1.22 
(1.32 |jm) 


0.087 
(1.48 |jm) 


Good for TO 
in NIR 



*Ag and Au data ends at 2 \xm, Na, K data ends at 2.25 \xm, and ITO data ends at 2.3 |im. 

**Crossover frequency for these materials corresponds with a wavelength above 1.5 \im. Thus, quality 

factors are not applicable for these materials at the telecommunication wavelength. 

***Crossover frequency data is not available. 



Therefore, despite the fact that sodium and potassium have the highest £>lspr and gspp 
values next to silver, they are extremely difficult to work with, and are therefore probably 
not practical from a fabrication standpoint. In most cases, silver is by far the best material 
in terms of quality factor, but it is associated with problems such as oxidation and cost. 
Aluminum has the advantage of having an extremely high plasma frequency, and it is the 
only reviewed material that acts as a metal in the UV part of the spectrum. However, 
aluminum also oxidizes quite easily, which can cause issues in terms of fabrication. 
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Quality factors for TO devices and superlens indicate that alkali metals can be a good 
choice. However, they have problems with processing and hence are not the material of 
choice. Aluminum has a high Q T0 value, but is probably not particularly good for TO 
applications. This is due to the fact that at the Al crossover wavelength of 81 nm, the 
thickness of the aluminum layer can be at most 8 nm for effective medium theory to hold. 
In this range, film roughness, as well as the formation of oxidation layers, could be 
detrimental to the plasmonic properties of the aluminum structure. However, Aluminum 
will perform well as a superlens, if these issues can be resolved. Silver also suffers from 
similar fabrication problems. From the alkali-noble metal alloys, KAu is a possible 
candidate for TO or superlens applications in terms of the material's quality factor, but 
there are serious challenges with the synthesis and chemical stability of KAu. In contrast, 
doped zinc oxide and indium-tin-oxide are realistic choices for TO devices in the NIR 
range including the telecommunication wavelength, which is particularly important for 
nanophotonics circuitry. With the optimization of processing conditions, these materials 
can outperform silver for TO applications, potentially enabling unsurpassed control of 
light on the nanoscale. 

6. Conclusions 

We have discussed the optical properties of different plasmonic materials, including a 
comparison of their predicted performance metrics in terms of quality factors. The 
comparative study shows that there is not a single clear choice for the best low-loss 
plasmonic material for all applications. Our comparison demonstrates that silver 
dominates all of the materials we considered in terms of its quality factors in LSPR and 
SPP applications in the visible and NIR ranges. However, silver is not the clear choice as 
a low-loss plasmonic material for other applications such as TO and superlens. Even 
though alkali metals and aluminum have high quality factors for TO devices and 
superlens, they pose processing challenges. Thus, silver is the best material for a 
superlens in the near UV. In NIR, AZO may be the best material for TO devices and 
superlensing, followed by ITO and GZO. Furthermore, these oxide semiconductors can 
work well at the telecommunication wavelength, which makes them very important 
substitutes for conventional materials such as gold and silver. 

A material's quality factor describes how well a material performs, but it does not give 
insight into other aspects such as ease of processing and feasibility of integration. A final 
choice of materials requires a trade-off between quality factor, fabrication practicality, 
and cost. As an example, the material cost of gold and silver prohibit their wide-scale 
adoption in cost-driven markets such as photovoltaics. 
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With the rapid development of nanophotonics, it is clear that there will not be a single 
plasmonic material that is suitable for all applications at all frequencies. Rather, a variety 
of material combinations must be fine-tuned and optimized for individual situations or 
applications. While several approaches and materials have been presented, the problem of 
losses in plasmonic materials remains open-ended. An improved plasmonic material has 
the potential to make an enormous impact on both optics and nanoelectronics by allowing 
for a new generation of unparalleled device applications. We expect the comparative 
study presented herein to be useful in the elimination of poor choices, and it will serve as 
a guide in making the optimum choice for a low-loss plasmonic material in various 
applications. 
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